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e resulie qf 4 oumber of inveetigatioms of heat transfer in liquid heldiws
IT src snzlysed and thy limite of applicability of lLandau's theary of ths phenom-
onon of hest transfur and “he motion of the noraal component of heiium IX are
eptebilshed.

1. The theory of superfluldity developed by Tandau /1 7 leads to the divi-

#ion of the equations of hydrodynsmice into twn syetems, one of which descrides
the debarior of the normal compouent and the other, of the cuperfluid componsnt
of bheliuwa I /2 /. The epplication of these equations tv heat trrusfer is iis-
cussed in dstall in & pudblication by the anthar / 5 /. The inveatigation of the
questicn im based on tho gensral wroposition of the theary that the superfluid
pert moves toward a sourcs of heet, carryin no entropy, while the normal pert of
the liquid moves away f{rom the source, carrying kesat with it.

The darivation of the dasic relations is as follcws. The mean velocity of
- ths nmmm) cwponent can eagily ba calcnlated by ths eqaation.
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where V) i the meiu velocity of the nowrmal motion, /9 the demsity of heliwa
i1, q tge heat content of 1 gn of halimu, and v 1g the density of heat fiow,

If heat tranefer occurs through & swfficiently narrow slit or capillary,
then to equation 1 ahonid be added two further eqrations. Oune of ihese ie
H. lonéon’s well-known formula /4 7 for the thermomochauical sffsct (the
tzuth of which wag first established erperimentally by Eapitss [ 5_7) giving
the pressure difference A\ p rroduced between the two ends of the slit by thse
differsnce &T 1n tmpera.tnre applied across it:

@r& AT
- (2)

On ths otvher hand, the motion of the normal compoment in & nsxwow 8lit,
vwhich.for relatively emall velocities can be supposed t0 b lamingr flow,
eutisﬂem Polgsville's general relaticn and in the particular camse of & flat
. alit the preamsue gradiont 16 given by the c¢quation

db. - anVn — . W
dx T d* T d¥ TamReQ .

in vhich 4 denotes the slit. vidthn the viaoosity of the narmal component, and

¥ the total heat flow given by W =3 TRvd where 2 7R is the perimeter of the slit.

Combining al) thres equations, we come to the ccuclusion thet the heat flow

1 aomeotea vith the tempersture gradisat by & linear relatioa.

,-."

3, & A~

c e W=M 4l
2%, T d x

{h)

A @recisely similay formula was recently obtained with the ald of exceedingly
ommplicutsd and artificial caleulatiogs / 6 /.

2._ A considerable number of experimental investigaticaz [ 7, 11, snd
othaﬂ_] has been devoted to a gqueatitative study of heat transfer 1z beliux
II, JNct to mention the quantitative discrepaneies which involve factors of ag
magh ag Lundreds or thovsands, the empirlcsl relations cbtained do not fit into
thy frasework of the theary in any way at all, if caly for the son that in
all these papers (vith the excepticn only of Allsu and Reekie / 10 /) there is
an’ sbeence of proparticnality betweez heat flow and temporature difterence.
Ixperimertsl rasults show that heat flow increases ag thn cube root of the tem-
parature difference.

Moreover, for a coustant temperature difference the heat flow as function
of temperatwre passss throvgh & maximm at about 1.9 (egrecs K, wkich cervainly
does not follow from the formmlae given. For -npilh.riu of diameters several
tenths of & millimster, it was establishsd that heat flow is proparticnal to
crom. sectlon and inversely propartional to lsngih; while from equation b 1t
follews that it ghould be prmpor: ional to slit width cubed times length (in the
suss of & 2LsS ;:.-A~), ST 45 Ve Sih power of the dlamover {in vhe camss of &
capillary of circular cross section).
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Tae exaci quantliative comparigon of the experimental facte about heat
transfer with the predictions of the theary are, however, made difficult 1n
view of the absence of any i.formation abont the true temparature dependence
of the ncorial vlacosity of helium IX. '

n:"’ ;

3. The firet direct possibility of a quantitative check of the theory

of heat transfer in hellum II was given by a meries of publications in 1947

[12, lh_}' ? by icestigations of the viscosity of the normal component of

helium II carried out by the authar / 15 _/ and others. In view of the fact

that Keesom and Duyckaerts’ measursments of heat trensfer contain s gerious

methodological misteke, the results of their investigations are practically
valusless and unsuitable for purpcses of analyaia.

For comparlsan of experimental data with theory for the cese of allts of
rolatively Isrge dimensions (5 and 10 microns) thsre remaine the reaults of
Mallink 7 13_/. A etudy of the dependence of heat flow upon temperature differ- .
ence 1n the region close to the origin shows thet taig dependence 1s girictly
linear, It should be noted that for amall powers ro maximum “heat conductivity"”
wag observed in the expexriments [- 15_7. Hovaver, when & temperature ¢ifference
of dsfinite value is reached, then heat transfer begine to increage approuiably
slower aad in this reglon the curve of temperaturs versus hest-flow clearly showes L o
the maximum, whick had besn pre¥iously observed seversl times. Caleulation of . O 2
ihe epeed of reiatlive motion of the ncrmal ard superfluid components shows thet o n
heat flow's linear dsepesndence upon tempersture difference diseppesrs vwhen this
apead reasaes 15 - 20 sse. This agrees with the valuea of eritical veleeities
observed by a number of investigm“ora for the flow ¢° helium II in f1img, cap-
i1lleries, eand slita.

Thus e superficiel enalysis of the data of investigations [ 13__7 already
Shows thnt oot Wansfos WIS placs Juoh as mouicied vy Lusucy, ana tie glg-

agreement of the remults of past experiments must be relsted to the fast that
the critfcal velority has been excesded.

Hovever, theory and experiments in fact show still closer agreemsnt.
Indeed, subetituting Millink's date [13j into equation & and using for the
heat content_and viscoaity experimsntal velues found by Kapitza [ 5_/ and the
author /1 _7 we obtaln figures very ciose to those fouud in Mellink's invesgti-
gations [)13_7 Such digerspancy ag there is, amounting to same tens of psrcent,
must be explained in the first place by errars in the determination of the glit
dimeneions, which according to the authars could amount to 20 percont, Since the
8lit width enters into equation Y4 in the third power » such errers, not to mention
others not taken into account, could lead t» dimcrepancies of T0 percent. The
very low accuracy with which such smell temperature differences are measured ghould
alpo be mentiomead,

The experimental data taken frcm Millink [ 13_7 aud algo the values of heat
Tlow. ca)culmied Dy equation 4 are calculated together in Table 1.

For camparinon we have chosen the region of small heat flow in which the lawe
of guperfluid motion are obviously obeyed. The numbers refer :c ths 3lits made
in tvo polighed surfaces separated from each cther by distances of 10.5 end 5 mi-
croag with corresponding lengtha 0.248 and 0.1 cm. The circumference of the ring-
shaped slit is 7.5 ecm. Thus comparigon of experimeital results with theory leeds
to the important conclusion that heat transfer in helium IT , which ig the touch-
stone foar every theory of superfluidity in slite of given dimensiong, 1s correctly
described by Landau's theory within expsrimental error.

4. Esegom and Duyckaeris, tnd Mellin, particularly emphagize the proportiomn-
ality exlating betvween the London effect (pressure difference between the two
eides of the slit) and heat flow. According to the graphs given in the quoted

popers, thic mopooiicnalily cunm Ve soon 4o Ve siill waintained even when, OWing

- 3 -
GONFIDENTTAL

CONFIREDTIA |
mm Sanitized Copy Approved for Release 2011/09/13 : CIA-RDP80-00809A000600260215-4  stmmmacmedill

I

.

4
x



i

Sanitized pr Aro for ae 0 01 : IA-

: | CONFIDENTIAL
CORFIIENTIAL ] 50X1-HUM

to the trangiticn through the critical welocity, the linear dependenice beivesn
heat flow and temperature differsnce hag loog been destroyed. BSach an esser-
tion might lead {and in many cases hae led) to thke false conception that 4n
passing through the criticel velocity the viegcopity of helium II remains an-
changed. In fact, fram equation 3 1t immediately follows that the constency of
viacomity 1s & condition mecessary for the pregervation of & linear relation
between /A p and W.

Paping himself on the indicetions of the quoted euthars, namely, on a
1insar reistion between Ap and ¥, Gorter [ 16_] cbtained for the "supercrit-
ical region” an sxpresgion for & parameter, M, of mutual friction between the
guperfinid and normal canponents and even determined from experimentel dats the
numeriesl value of the coefflcient A entering lnto the equation:

3
o= Apf (Y B

i (5)

where A ie of the order of 50 ca sec -1, In fact, such & formula {1t appears
to.ue to bs & complately mistaken cne) can be cbtained tm tho basis of the ab-:1
solutsly wnmound evidence brought forwerd by Mollink ana othersg. In reality, -
the pressure 4rop scrogs the slit entering into equation 3 is made np of the
two terms: hydrogtatic presagure of o colvmn of liquid h acd the pressure dif-
ference hy hetwsen the geturated vapors existing st the surface of the liguid
for aifferent temperatures (h, expressed in centimeters of liguid helium).
The latter term cen reach qui%e appreciable magnitudes, particularly im condli- E
tiong where the critical velocliy appears to have been exceeded (Table 2). Thus

the devendsnce of the difference in ievel upon neat {iow, walch vuo auulvis i

this paper investigated, hss no definite physicial significance and the linear

relation obtained dy them fax all heat {lowg appears to be pnrely coineidental

ani in no way describes tie processss going on. The true dependence of (recsure

dilferenze upon heat flow, which dependence we obtained by teking into account

tha Tectors indicated, 1s showm Iin Figure 1, from vhich 1t is ¢learly apparent

thst in paseing through a certain critical valuve of Lkeat flow tho tote! presaure

difference not only does not remain congtant, but aiso pignificantly changes

course. .

The viscosity calculated from equation 3 semains conptant only for com-
paratively low heat flows, and ‘peginning from & certain value of heat flow o
very marked rigse in the viscoalty 1g obeervable. A typical depsndence of

. viscomity upon heat flow (that e, reelly upoh velocity) is shown in Figure 2

o (8se also Table 2). A dlscrepancy 1n the mumerical valuss of tuls quentity in
the cage of slits o: 10.5 and 5 microns Ag elrssdy indiccied earlier can. be
e~plained dy toe lauccuracy in determination of the slit width. It ehounld be
noted that accarding to cur measarements the viscoalty of helitm IY at tempera-
tnrer corrvspondirg to Figure 2 is 1.12 x 10-5 poise, wnich agrees 'very well
vitl the value (1.18 x 16-D polse) obtained for a slit of 5 vicrons. (In order
to follow the dependence of viecosity upon heat flow, we zuuld ue? equation b,
ag we bave dcns, to compere experimantal and theoretical valusa of heat flow.
Sowever, in view of the fact that tne vemparature i:iffereace coula be measurac
in K»llink's experiments with far less accuracy than the preseure difference
{in the calculation of 4\ p, the temperature difference enierd caly as 1 cor-
rection term), it ie preferable to use equution 3 to conaect viscoolly and heat
flov. The same circumstance also explsine the fact that the calculated values
of heat flowbave an aprreciably larger scaster thau the calculated valunes of

nw)
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Dowover, capoclelly characteristic 1s the sgresusnt betwsen the Lemperi- . .

ture variation of vigcosity sa dstermined ¢n the one hand from cur experimental

data and, on the other, from experimeats [ 13_] (Figure 3). Unfertunately, for

temperatures ebout 1.9 degrees K, heat transfer is nsarly always messured by

Mellink in the "supercritical region” and his mesgurements are thsrefare not,

oultable for determining viacosity.

In this connection, the sasertion of F. Londen [ ( 6__Z,also repeatsd by Maza / 17_7,
that the viscosity of helium II is indspendent of temperature and has & value
2 x 1073 polge (that is, the value for the viscosity of helium I), beccass com-
pletely inexplicable. . * .

Using this experimentally unfounded value of viacosity, F. London comperes
the experimentsl and theoretical values of heat transfer. However, in explain-
ing the temperature variation of hest tranefer, the authors of the guoted article
use a different form of tempsraturs dependence of viscoslity,T\, = ‘ﬁ',"althongh
on the Lapis of Kepltza's data and others they could have perfectly easily dias-
rroved both of these assumptlions. .

5. Enowing the relation between heat flow ¥ and mean veléclity 7. of the
normal cempencnt (and, sonsequently, the maxfmum velocity, vp nax) unﬁ also the
relatlon between the velocitiss of aormal and superfluid motion, we can determine
the critical velocity v) from the critical velue of ths heat flow. In the partic-
ular case of & flat slit, we have vy max = 1.5 ¥, and the followlng equation (6):

= ¥ + =285V, +nth = ~
Vy D ax Vs e v, 2 ;‘%_(/-a +lq?

[F3)
-y

Analysis of the experimentel dete of the investigations [ 13_7 allows us
to make some conclusions abouv the quantity Vy. These experiments in partic-
alar bring out the temperature dependence of critical velocity. Thus, for
instance, in the temperature interval 1.32 to 2.059, the critical velocicy falls
roughly from 60 cn/sec to 7 cm/sec; that is, sbout nine times. However, the
scetter of the values obtainsd 1s so lerge that it would bs aiffierlt to corsi-uct
a mooth curve.

Londen and Zilsal [ 6_] supposed _thunt the critical value reaches the quan-
t1ty ve, and from experimsntal data [ 12_7 they obtained for v, & quaniity inde.
pendent cf temperature and of “ke order 1 cm/seo. This value {(contrary to the
authors’ sssertion) differs by & large footor from the values obtained by all
other investigatars.

6. Already in slits 5 microne' width there begin o appeas phenomens, -
coamscted with the mean free path of the quasi-particles taking part in heat
transfer, which muat be reflscted in the magnitude of the apparent viscosity.
Indsod, eolving oquation 3 for' T\yond eubetltuting Mellink'a data [ 13_7 inton
it, wo ecap canatruct a carvs of the temperature dependsnce of viscosity for slits
of various widths. In Figure 3 the fall curve showa the raiative vainss of via-
coaity {viscosity at T = 1.72 degrees K ia taken as unity) according to our meas-
uremonis. The sguarse represent the raslative values of viscosity calculated from
Mellink's expariments for a slit of 10.5 microns, width, whils the circlss refer
to experiments with a, S-micron slit. As can he gewn from the dlagram, in the
temperature interval fram the lambda poilnt t¢ 1.5 degrees K the points lie well
on the full curve for both slits. For lower temperetures at which the phonon's
mean free path becomes apprecfadle, the points corresponding to the S-micron slit
1ie below the curve.
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This effsct, namely ithe diminution of apparent viecosity for decrsasing
temperature, 1s shown much more markedly in slits of a width of 0,15 to 1
] \ micron. Figure % shows the temperature dopendence of apperent viscesity in
/ slits 0.3, 0.5, and 1 micron celculated from the gnoted pepers [ 110__7.

The diminution of apparent viscosity observed for decreacing alit dimen-
slons shows that in these conditione we have the phenamencn of "slip" connected
with the transition of a gas of thermel excitations {more carrectly ouly its
phonon part) inte the Rnudsen reglon. In connectlon withk this, the hest trans-
fer in narrow slits gives valney much higher than to be expected frax the theo-
retical notion discuesed at the beginning of thia ertiels.

Unfortunately, the charactsr of the temperature dependence of heat trans-
fexr obsurvsd by Meyer and Mellink in this rangs of dimenglons of the slit has
not yet found a atrict quantitative explsnation. -

7. We comgider the present article, analyzing the results of expes' ments
carried out by other investigatare, nscessary for publication not only in view
of the importance of heat transfer in the theary of auper?luidlty of helium II,
but also because moat authors in this kind of asxperimentsl work take obviousliy
false paths in the discuseirm of their results. Thus for inetance Keesom and
Duyckaerte /12 7 and also London and Zilse) / 6_/ in trylng to look for az
empirical law connect the temperature dependanc® of heat flow with siit width,
Keogom and Duyckaerty [ 12_7 even present a special table in which each #lit
slge is given 1tas o'm tsmperature dependsnce of hest flow. The ubssnce of a
olsar understand. of the charsctor of the drocesees atudied has lead authors
of other papers 1#_7 to asaert that in helium II thers are.observed three
typee of "heat comduction.” Omo, the basic type, is encountered in capillaries
of diameters greator than 30 microms. The second, also a basic type, is en-
countered in capiliaries of diametor:s less than one mieron. Finally, the third,
& mixed type, takes place in diameters betwecn 30 and 1 microms. There 18 no
need to waste time by proving in more detmil the evideni falsemess of such
views.

In 21l experimenta on heat {ransfer in fine capillaries {the applicatica
of Landan's theay of heat tremsfer 1a froe helium II, as will t2 shown in the
o folloving articie, meets with certain difficulties), as can de seen from the

* arguments drought forward in the present article, it is important to have condi-
tiors such that the lemgth orf free math of thermal evoitations should be small
in comparison with the dimensions of heat transfer, and the relative velocity of
motion between normal and superfluid components should not excesed its oritical
valce.

in conclusion, the author expresses his gratitude to L. D. Landav for
taking part in the dizcussion of the question concermed. ot
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[ Tables and figures follow. ]

Table 1

Comparisca of Bxperimentei Data With Theoretical Values
. of Heat Treosrer, Calovlated From Equatiod 4
Sk ' oK AT Ok wxiok vaut Waloh st
) experimental thepretical

: : 1.72h 0.3 27.33 62.5
10.5 microns 1.724 0.45 43,5 93.2
2.48 mn 1.508 0.32 8.03 1.2
1.832 0.75 2.9 20.7

5 mterens ) 1.398 131 14,18 1.9
1.00 g 1.734 c.6 25.8 30.9
,032 0.07 2k .52 28.9
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]

Thermemechanical Bffdet and Viecosity
of the Normal Component as a Tunction of Hest Flow

Bt v : n*10°
Bloren mp K watt, AMIC®  pen  (hihy) om  _polse  Remarke-
10.5 2.58 1,325 55.75 36.4 17.49 20.25 2.8%

10.5 2.8 1.725 8.8 0.1 0.28 C0.315 1.71)-

7 . 1.725 1h.51 0.1z .47 - 0.516 1.73) Nn® 1.71x10-5

1.72h  27.33 0.3 0.88 0,985 1.73) polee.
1.7a84 bx.5 Q.45 LY 1.5% 1.69})
.72k 0 63.97 0.8 - 2.1 2.5 1.81) Beyend ihe
1.727 93.80 1.8 3.32 3.95 2.02) oritical
1.726 125.3 3.8 L.61 5.94 2.26) velocity
1.731 159.9 6.7 5.79 8.13 2.4k) (guper-criti-
1.73% 196.4 13.2 1.2¢ 11.7% 2.87) cal regicn)
6.5 2.8 1.508 8.03 0.32 0.72 0.77 1.82)
1.5k 63,76 b4 5.67 6.33 1.99)
1.5 79238 7.8 7.31 8.48 2.1k} astso
1.520 117.8 21.1 10.23, 13,37 2.27)
10.5 - 2.8 ,1.8%2 12.hg 0.05 0.28 0.305 1.73

5 1.00 1.308 1A R e .14 i.49

-5 1.00 1.71% 25.8 0.6 2.70 2.91 1.18
.‘ i.716 72.6 b.2 7.95 9.4 1.36) ditto
1.725 124.3 21.5 14,13 21.6 1.83)

5 1.00 2.032 24.52 0.02 1.1€ 1.17 \1.1‘3'

5 1.00 1.220 0.512 1.2 0.76 0.85 3,30 -

l.22  1.87 5.1° 3,00 3.30 1.92-n2 2. 1822075
1.213  3.17 12.8 6.18 €.92 2,38 7 poise.
1.211 2.32 8.8 4,51 5.02 2.36

1.218  6.€5 22.5 11.1 12.51 J2.04

Bote: Calculetad according to the experimental data of Mellink [13].
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